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Abstract: 
 
Raman spectroscopy has been utilized to show the increase of single walled carbon 
nanotubes (SWCNTs) content in commercial grade samples synthesized by the 
chemical vapour deposition (CVD) technique with a minimization of impurities using 
both hydrochloric acid treatment and surfactant purification.  Surfactant purification 
methods proved to be the most effective, resulting in a three fold increase in the 
percentage of SWCNTs present in the purified product as determined by Raman 
spectroscopy. 
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Introduction 
 
During the last few years, interest has grown in single-wall carbon nanotubes 
(SWCNTs) that can be produced by different processes, including the arc process, 
laser ablation process, chemical vapor deposition (CVD), and gas phase processes, 
such as carbon monoxide disproportionation.  Since their discovery by Iijima [1] in 
1991, carbon nanotubes have been the subject of significant attention for many 
research scientists. They are a unique nanostructured material that can be considered 
conceptually as one-dimensional quantum wires. Carbon nanotubes have remarkable 
thermal, electronic and mechanical properties [2, 3] stemming from their structural 
similarity to graphene sheets and their one-dimensionality. The single walled carbon 
nanotube is the simplest form of nanotube and can be visualized as a single sheet of 
graphene rolled-up into a seamless tube that may be several microns in length and as 
small as 0.7 nm in diameter [4].  Carbon nanotubes are either metallic or 
semiconducting in nature depending on their chirality and diameter, thus making them 
ideal reinforcing fillers in composite materials. Polymer composites containing carbon 
nanotubes are of great interest as they may possess new or novel combinations of 
electrical, optical and mechanical properties [5, 6]. 
 
 Raman spectroscopy is a technique which has been very widely used for the 
study of carbon nanotubes [7, 8].  A recent review elucidates the Raman spectroscopy 
of single walled carbon nanotubes, two walled and multiwalled nanotubes[9].  Often 
resonance Raman techniques are used [10-15].  In this work we report the Raman 
spectra of single-wall carbon nanotubes and the use of Raman spectroscopy to show 
the effect of purification on the single-wall carbon nanotubes. 
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Experimental 
 
Synthesis of Single walled carbon nanotube synthesis 
 
Single walled carbon nanotubes with a quoted purity of 70% were obtained 
from Carbolex Inc. and purified with a modification of the method of Smalley and co-
workers. [16]  These AP-Grade SWCNTs are of 1.4nm average diameter and are 
found in “ropes” which are typically ~20nm in diameter or approximately 50 tubes 
per rope with lengths of 2 – 5 microns. Impurities include approximately 35w% 
residual catalyst (NI, Y) which is usually encapsulated in carbon shells. Some 
amorphous carbon may also be found on the outer surfaces of the ropes. Acid-treated 
SWCNTs were added to ultra-pure water (18.2 MΩ) (1 g/mL) and dispersed through 
ultrasonication before refluxing for 20 hours. Surfactant purification of the single 
walled carbon nanotubes was undertaken using a method adopted from Li and co-
workers. [17, 18]  The as-prepared SWCNTs (100mg) were dispersed in 300 mL of a 
1% w/v aqueous solution of sodium dodecyl sulphate and then ultrasonicated for 2 
hours. All solutions were then filtered through 75 nm pore size anodisc membranes 
and allowed to dry at room temperature for 3 hours before being placed in a furnace at 
350 ºC to eliminate the amorphous carbon impurities. Acid-treated nanotubes were 
then subjected to a further reflux in concentrated hydrochloric acid (either 10 M or 1 
M HCl, 1mg/mL nanotube content) for 2 hours and allowed to cool to room 
temperature. Surfactant treated nanotubes were briefly washed with concentrated HCl 
in order to remove metallic impurities. Purified products were filtered and washed 
with copious amounts of ultra-pure water before being allowed to dry thoroughly 
prior to subsequent analysis. 
 
 
Raman Spectroscopy 
 
A small amount of the purified black soot was placed on a polished metal 
surface on the stage of an Olympus BHSM microscope, which is equipped with 10x 
and 50x objective lenses. The microscope is part of the Renishaw 1000 microscope 
system that also includes a monochromator, filter system and charge coupled device 
(CCD). Raman spectra were excited by a 532 nm YAG-YAG laser at a resolution of 2 
cm-1 between 100-4000 cm-1. The signal to noise ratio was enhanced by accumulating 
repeated acquisitions at the highest magnification whilst the 520.5 cm-1 line of a 
silicon wafer was used to calibrate the spectra. Laser powers of less than 1mW and 
slight defocusing of the laser beam were used to reduce laser-induced sample 
degradation.  
 
Spectroscopic manipulation such as baseline adjustment, smoothing and 
normalization were performed using the GRAMS spectracalc software package 
(Galactic Industries Corporation, NH, USA). Band component analysis was 
undertaken using the Jandel ‘Peakfit’ software package. Band fitting was done using a 
Gauss–Lorentz cross-product function with the minimum number of component 
bands used for the fitting process. The Gauss–Lorentz ratio was maintained at values 
greater than 0.7 and fitting was undertaken until reproducible results were obtained 
with squared correlations greater than 0.995. 
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Results and Discussion 
The Raman spectrum of unpurified SWNTs is shown in Figure 1 and displays 
all of the common features previously reported in the literature. [9] The lowest energy 
feature is the radial breathing mode (RBM), which appears at 168cm-1 and 
corresponds to the vibration of carbon atoms in the radial direction. [19] This band is 
often very useful for the approximation of nanotube diameters through the relation 
ωRBM = A/dt + B, where A and B are parameters determined experimentally. [19]  For 
typical SWNT bundles A = 234 cm-1 and B = 10 cm-1, thus it was found that the 
approximate diameter of the SWNTs (RBM at 168 cm-1) was 1.37 nm. This value 
correlates well with the 1.40 nm SWNT diameter suggested by the nanotube 
manufacturers, Carbolex Inc. 
 
Insert Figure 1 here 
 
The tangential modes, which are commonly referred to as the G-bands are a 
common feature in any carbon nanotube spectrum, appearing as multi-peak features 
around 1580 cm-1. Although up to six Raman peaks can be observed in a first-order 
process, [20] only the two most intense peaks that originate from the symmetry 
breaking of the tangential vibration are usually analyzed. The G-band labeled G+ 
represents atomic displacement along the tube axis, whilst the band designated G- 
refers to modes with atomic displacement in the circumferential direction (see Figure 
2). The width of the G- band can also provide information on the approximate SWNT 
diameter and nature of the nanotube (i.e. semiconducting or metallic). [20] A very 
small D-band (disorder-induced band) is also observed in Figure 1 and is commonly 
attributed to the presence of amorphous carbon and graphitic impurities that are 
formed along with the SWNTs during synthesis. 
 
Insert Figure 2 here 
 
 
The unpurified SWNT Raman spectrum (Figure 3(a)) shows all of the 
common features of SWNTs as described previously. Figure 3(b) shows a quite 
noticeably enhanced D-band at 1343 cm-1, due to an increase in amorphous carbon 
content, most likely from the destruction of SWNTs. This phenomenon has also been 
observed by several other research groups  [21, 22] who have reported that even the 
mildest oxidative treatment with mineral acids destroys SWNTs and produces 
additional carbonaceous impurities in the sample. The G-line at 1559 cm-1 which is 
evident in the unpurified tubes (Figure 1(a)) has been lost and a new Lorentzian 
component of the G-line, which is attributed to semiconducting tubes, has appeared at 
1610 cm-1 (Calculated value: 1607 cm-1, due to the [E2(E2g)] symmetry species). [23] 
 
 
Insert Figure 3 here 
 
Figure 3(c) clearly shows the effect of a less concentrated acid on nanotube 
degradation, with an evident decrease in the D-band compared to the first trial where 
a more concentrated acid was used. The Raman spectrum of the surfactant purified 
CNTs clearly shows a D-band that is of comparable intensity to the original 
unpurified tubes, implying that further nanotube destruction and creation of 
amorphous carbon impurities were avoided. Clearly, the surfactant purification 
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technique appeared to be the least destructive, based on observations from the Raman 
spectra. 
 
 5
 
References 
 
[1] S. Iijima, Nature (London, United Kingdom) 354 (1991) 56-58. 
[2] M.M.J.E. Tracey, T. W.; Gibson, J. M., Nature (London) 381 (1996) 678-680. 
[3] J.W.G. Wildoer, L.C. Venema, A.G. Rinzier, R.E. Smalley, C. Dekker, Nature 
(London) 391 (1998) 59-62. 
[4] M.S. Dresselhaus, G. Dresselhaus, P.C. Eklund, A.M. Rao, Physics and 
Chemistry of Materials with Low-Dimensional Structures 23 (2000) 331-379. 
[5] E. Kymakis, I. Alexandou, G.A.J. Amaratunga, Synthetic Metals 127 (2002) 
59-62. 
[6] E. Kymakis, G.A.J. Amaratunga, Applied Physics Letters 80 (2002) 112-114. 
[7] H. Jantoljak, C. Thomsen, S. Curran, S. Roth, W. Maser, C. Journet, P. 
Bernier, Molecular Nanostructures, Proceedings of the International Winterschool on 
Electronic Properties of Novel Materials, 11th, Kirchberg, Austria, Mar. 1-8, 1997 
(1998) 459-462. 
[8] R. Saito, Oyo Butsuri 70 (2001) 1196-1199. 
[9] M.S. Dresselhaus, A.M. Rao, G. Dresselhaus, Encyclopedia of Nanoscience 
and Nanotechnology 9 (2004) 307-338. 
[10] V.W. Brar, G. Samsonidze Ge, A.P. Santos, S.G. Chou, D. Chattopadhyay, 
S.N. Kim, F. Papadimitrakopoulos, M. Zheng, A. Jagota, G.B. Onoa, A.K. Swan, 
M.S. Unlu, B.B. Goldberg, G. Dresselhaus, M.S. Dresselhaus, Journal of nanoscience 
and nanotechnology 5 (2005) 209-228. 
[11] S.B. Cronin, A.K. Swan, M.S. Unlu, B.B. Goldberg, M.S. Dresselhaus, M. 
Tinkham, Physical Review B: Condensed Matter and Materials Physics 72 (2005) 
035425/035421-035425/035428. 
[12] A. Jorio, C. Fantini, M.A. Pimenta, R.B. Capaz, G.G. Samsonidze, G. 
Dresselhaus, M.S. Dresselhaus, J. Jiang, N. Kobayashi, A. Gruneis, R. Saito, Physical 
Review B: Condensed Matter and Materials Physics 71 (2005) 075401/075401-
075401/075411. 
[13] J. Kastner, H. Kuzmany, D.N. Weldon, W. Blau, Prog. Fullerene Res., Int. 
Winter Sch. Electron. Prop. Novel Mater., 2nd (1994) 126-129. 
[14] A. Merlen, N. Bendiab, P. Toulemonde, A. Aouizerat, A. San Miguel, J.L. 
Sauvajol, G. Montagnac, H. Cardon, P. Petit, Physical Review B: Condensed Matter 
and Materials Physics 72 (2005) 035409/035401-035409/035406. 
[15] R. Saito, Tanso 205 (2002) 276-283. 
[16] R.D. Saito, G.; Dresselhaus, M. S., Physical Properties of Carbon Nanotubes, 
Imperial College Press, London, UK, 1998. 
[17] J.X. Li, Y., Physics E 28 (2005) 309-312. 
[18] W.Z.X. Li, S. S.; Qian, L. X.; Chang, B. H.; Zhous, B. H.; Zhou, W. Y.; Zhao, 
R. A.; Wang, G., Science (Washington, DC, United States) 274 (1996) 1701-1703. 
[19] A.P. Jorio, M. A.; Souza Filho, A. G.; Saito, R.; Dresselhaus, G.; Dresselhaus, 
M. S., New J. of Phys 5 (2003) 139.131-139.137. 
[20] S.D.M.J. Brown, A.; Corio, P.; Dresselhaus, M. S.; Dresselhaus, G.; Saito, R.; 
Kneipp, K., Phys. Rev. B 63 (2001) 155414/155411-155414/155418. 
[21] R.R. Sen, S. M.; Itkis, M. E.; Haddon, R. C., Chem. Mater 15 (2003) 4273-
4279. 
[22] H.X. Hu, B.; Itkis, M. E.; Haddon, R. C., J. Phys. Chem. B 107 (2003) 13838-
13842. 
 6
[23] A.D. Jorio, G.; Dresselhaus, M. S.; Souza, M.; Dantas, M. S. S.; Pimenta, M. 
A.; Rao, A. M.; Saito, R.; Liu, C.; Cheng, H. M., Phys. Rev. Lett 85 (2000) 2617-
2620. 
 
 
 7
List of Figures 
 
Figure 1: Typical spectrum of unpurified single walled carbon nanotubes.  
 
Figure 2: Schematic picture showing the atomic vibrations for (a) the RBM and (b) 
the G band modes. 
 
Figure 3: Raman spectra of (a) unpurified, as-prepared SWNTs from Carbolex Inc., 
(b) acid purified SWNTs (using 10 M HCl), (c) acid purified SWNTs 
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Figure 3: Raman spectra of (a) unpurified, as-prepared SWNTs from Carbolex 
Inc., (b) acid purified SWNTs (using 10 M HCl), (c) acid purified 
SWNTs (using 1 M HCl), (d) surfactant purified SWNTs. 
 
 
 
